]) were fabricated and four control plots of the same dimension were established to assess the chamber e ects on plant responses to CO 2 . e [CO 2 ] in elevated-CO 2 chambers fell 93% of the time within ±20% of the targeted 600 µmol mol -1 CO 2 , based on 10 min averages. e CO 2 consumption in elevated-CO 2 chambers averaged 3.0 kg CO 2 m -2 d -1 . To ensure that the environment within OTCs was similar to the surrounding eld, growing conditions were determined in all chambers and control plots. Adequate light transmission was observed compared to control plots (93%) and the temperature increase was 0.7°C on average. A er two growing seasons of continued use, this system has proven its e ectiveness for studying the e ects of CO 2 and climate change in the eld at low cost.
Human activities are increasing the [CO 2 ], which could reach between 400 and 1000 µmol mol -1 by the end of the century and lead to an annual temperature increase between 2.1 to 3.1°C across eastern North America (IPCC, 2013) . Some plant species may respond to elevated [CO 2 ] by increasing photosynthetic rate, leading to increased biomass production in the absence of other climatic constraints, such as drought or other extreme events (Xu et al., 2014) . However, in the long term, plants may acclimate to elevated atmospheric [CO 2 ] and undergo photosynthesis downregulation (Bloom et al., 2010) . Moreover, in a meta-analysis examining the eff ects of elevated [CO 2 ] and temperature, Wang et al. (2012) observed that plant response varies according to functional type (legume vs. non-legume) and growth form (herbaceous vs. woody). Th us, changes in climatic conditions will likely aff ect species dynamics and ecosystems with repercussions on agricultural production, underscoring the need for studies examining plant response to elevated [CO 2 ] and climate eff ects.
Some experiments have looked at plant response to elevated [CO 2 ] and temperature in growth chambers (Piva et al., 2013) . However, most growth chamber studies are designed to assess the impact of simulated conditions on individual plant species grown in pots and during a relatively short time span. Even though these experiments eff ectively assess plant responses, they need to be validated under fi eld conditions without restricting the rooting zone volume (Ainsworth et al., 2002) and, for perennials, over multiple years. Growing plants under modifi ed air composition by the addition of a gas, without further altering growing conditions, represents a challenge. Many systems have been designed to study the impact of gaseous pollutants and greenhouse gases, such as temperature-gradient tunnels and solar domes/glasshouses, but OTCs and free-air carbon dioxide enrichment (FACE) are the two systems that provide a growing environment closest to fi eld conditions. An OTC usually covers a small ground area (generally 1-15 m 2 ) and includes a fan that blows air mixed with CO 2 , whereas FACE experiments involve a large open area (generally 100-3000 m 2 ) where CO 2 is continuously injected from the sides at canopy level. Th e main advantage of FACE over other systems is that they have a limited impact on growing conditions (Long et al., 2006) but the cost of CO 2 and of the control system make the FACE system prohibitive (Kimball et al., 1997) . Mini-FACE facilities covering a smaller area have also been used, but they have a similar constraint of high CO 2 consumption (Petersen et al., 2001 ). The OTCs, for their part, are low-cost structures (Ashenden et al., 1992) allowing the study of plant responses to elevated [CO 2 ] in the field without incurring the high cost of FACE experiments. Moreover, they can easily be adapted to any environment under study. Drake (2014) reported observations from a 28-yr experiment using portable OTCs in a marsh subject to irregular flood tides. Barton et al. (2010) used OTCs large enough to accommodate whole trees. In some experiments, cooling/heating systems were added to a control temperature within OTCs (Norby et al., 1997) .
The last OTC experiment that studied the effects of atmospheric pollution on plants in eastern Canada stopped functioning in the late 1990s (Bertrand et al., 1999) . To our knowledge, except for our study, there is currently no OTC experiment with addition of CO 2 in Canada, despite increasing concerns about greenhouses gases and their unpredictable repercussions on climate. This paper describes a low-cost OTC system that was designed to study the effects of elevated [CO 2 ] and temperature on an alfalfa-timothy mixture grown over a 3-yr period at an experimental site located in Quebec City, QC. Although many OTC designs have been used for a long time, very few have been clearly described in detail with respect to construction, cost, performance, and CO 2 consumption. Furthermore, our system takes advantage of recent technological advances in CO 2 control systems and temperature sensors. The objective was to provide potential users with a simple, low-cost, and easily transposable turn-key OTC design that we adapted for the long-term study of elevated [CO 2 ] and temperature on perennials under realistic field conditions.
MATERIALS AND METHODS
Chamber Construction Eight hexagonal OTCs (four with elevated [CO 2 ] and four with ambient [CO 2 ]), each with 1.2 m 2 of ground area were built during spring 2013 and placed in a completely randomized design (Supplemental Fig. S1 ). Each side measured 0.65 m (inside) (Fig.  1A) . The entire chamber height from ground to upper frame was 1 m. The frame was made out of 6 by 3.5 cm treated wood and covered with clear plastic around the outside circumference. The construction began by assembling the upper and lower hexagonal wood plates of the frame (Fig. 1B) . Then, 12 uprights (0.93 m long) were cut lengthwise at a 30° angle, assembled, and placed vertically between upper and lower plates. A door-frame was placed within one side-panel of the hexagon and mounted on hinges for easier access to the plants. The chambers were anchored on each side by rebar, driven 0.5 m into the soil and attached to a wooden bracket fastened to the OTC frame. A 1 by 4.5 m piece of clear greenhouse plastic treated against adherence of dust particles on the outside and against condensation on the inside, was cut and stapled around the outside of the frame. Thin pieces of wood remaining from cutting the uprights were used as slats and screwed on each corner of the chambers to tighten the plastic. The plastic was removed in the fall to allow snow accumulation during winter, so that normal overwintering conditions occurred. New plastic was used in the spring. Four control plots without chambers were established by anchoring wooden hexagons in the ground. Their dimensions and management were identical to OTCs.
Ventilation System
Each OTC had its own ventilation system which consisted of a fan (5.66 m 3 min -1 Powerventpro, Soler and Palau, Toronto, ON, Canada) placed in a 50 L plastic mixing box covered with a lid for weather protection. Within this mixing box, the fan mixed pure CO 2 , fresh air coming from a grid-protected 10 cm hole drilled in the back of the plastic box, and air backflow from the chamber. These three air sources were located in the back of the fan (Fig. 1C) . Then, the air was pushed into the OTC at a flow rate of 5.66 m 3 min -1 . The air backflow was supplied from a flexible PVC pipe (3.75 cm diam. by 2.15 m) left hanging in the middle of the chamber, 0.6 m from the ground and tightly connected to the back of the mixing box. The flexible PVC pipe also protected the CO 2 sensor, which was placed at the end of the pipe connected to the plastic box. This resulted in measurement of the [CO 2 ] in the air coming directly from the middle of the chamber. The recirculation of air from the chamber reduced the CO 2 consumption and maintained a stable [CO 2 ]. Air was ducted from the fan through galvanized pipes (30 cm long, 10 cm diam.), then split through a galvanized "T" connection, and distributed around the circumference of the chamber through 4.15 m long, 12 cm diam. "lay-flat" plastic tube, connected to the "T" using duct tape. The tube, placed at the bottom of each chamber was perforated every 5 cm with 0.5 cm-diam. holes made on two parallel rows along its length to provide an even air distribution around the chamber.
Carbon Dioxide Control System
Each OTC with elevated [CO 2 ] had its own CO 2 control system comprised of a sensor-transmitter (0-2000 µmol mol -1 ), a power supply, a transformer and a solenoid valve, fixed inside a PVC electrical box (Fig. 1D) . The target CO 2 concentration was of 600 µmol mol -1 . To reach this concentration, a non-dispersive infrared CO 2 sensor (GMP222, Vaisala Oyj, Helsinki, Finland) was connected to a transmitter (GMT220 Carbocap, Vaisala Oyj, Helsinki, Finland; Fig. 1D ) that switched open a solenoid valve when the [CO 2 ] was lower than 625 µmol mol -1 and closed it as the [CO 2 ] reached 630 µmol mol -1 . These trigger points were identified during preliminary tests made on the CO 2 control systems and were shown to maintain the most stable CO 2 concentration closest to 600 µmol mol -1 . Opening and closing the valves at 625 and 630 µmol mol -1 respectively account for the slight delays in CO 2 concentration adjustment due to the tubing length (9 m) between control valves and CO 2 probes. Each transmitter was connected to a data logger recording the [CO 2 ]. A transmitter was installed to measure the [CO 2 ] inside one ambient-CO 2 chamber. Each OTC with elevated [CO 2 ] was operated in parallel and each had its own CO 2 supply, to easily monitor the CO 2 consumption of each chamber. The CO 2 supply consisted of individual cylinders containing 22.68 kg of pure CO 2 gas (100095, Linde Canada, Mississauga, ON) (Fig. 1E) . Each cylinder had its own regulator (HRF 1425-580, Weldmark, Indianapolis, IN) allowing manual flow adjustment. Nylon tubing was used to carry CO 2 from the cylinders up to the transmitters, and then up to the back of the mixing boxes of the OTCs described earlier. Since the CO 2 sensor wire was not UV resistant, it was inserted, along with the CO 2 tubing, into pipe insulation to ensure its protection. Minimal electricity requirements were needed to run the above-mentioned equipment, as their total amperage was 15 A.
Cost
The total building cost for the eight OTCs on the experimental site was estimated around US$14,000 (see Supplemental  Table S1 for detailed cost of material and equipment). This amount includes equipment for controlling the [CO 2 ] in four elevated-CO 2 OTCs and monitoring the [CO 2 ] in one ambient-CO 2 OTC. However, the total excluded labor and electricity costs as well as the cost of a shed needed to house the CO 2 -control equipment, a computer, and CO 2 cylinders.
Assessment of Environmental Conditions within Chambers Plant Material
The environmental conditions within OTCs were measured in the presence of perennial forages. A total of 330 alfalfa and timothy plants were transplanted in July 2013 in a uniformly distributed 50:50% mixture at a total density of 275 plants m -2 .
Carbon Dioxide Concentration
The CO 2 concentration within one ambient and within all elevated-CO 2 OTCs was constantly monitored by a CO 2 sensor which analyzed air sampled directly from the middle of each chamber. Data points were recorded at 10 s intervals and averaged over 10 min.
Air Temperature
Air temperature was continuously measured at canopy height in all OTCs and compared to ambient air temperature in control plots throughout the course of the growing season (from JulyOctober 2013 and from May-September 2014) using data loggers (U23-004 HOBO ProV2, Onset, Bourne, MA) at 16 min reading interval. The height of the sensor was manually placed at the top of the canopy every week to avoid shading effects from the plants on surrounding air temperature. Canopy height varied from 7 cm after a cut to 90 cm when plants were fully grown.
Light Transmission
To assess the difference in incoming light within OTCs and control plots, photosynthetically active radiation (PAR) was measured using a light meter (LI-250A, LI-COR, Lincoln, NE) at three different heights (30, 60, and 90 cm from the ground) on top of the canopy to avoid plant shading. The different heights of measurement correspond to the fact that plants were growing throughtout the season and that canopy top reached 30 cm, then 60 cm and finally 90 cm height. Five measurements were made in the middle of each chamber and each control plot between 25 June and 11 Aug. 2014 at three different time periods (morning, from 0800-1000 h; afternoon, from 1200-1400 h; and late afternoon from 1600-1800 h). The goal here was to assess the light interception from chamber framework and plastic only, so within-chamber measurements were compared to control plots.
RESULTS AND DISCUSSION

Cost
The total estimated cost of $14,000 for 9.6 m 2 of OTCs including four with elevated [CO 2 ] and four with ambient [CO 2 ] (Supplemental Table S1 ) is similar to earlier reports of OTC cost and performance (Ashenden et al., 1992; Kimball, 1992) . In the 2000s, FACE experiments were undertaken to study the effects of greenhouse gases on plants. However, the complex infrastructures required in such experiments can be as expensive as $100,000 (Pepin and Körner, 2002) . Open-top chamber experiments therefore represent a low cost alternative for the study of plant response to elevated [CO 2 ] in the field.
Carbon Dioxide Consumption
The cost of the CO 2 supply was estimated to $2500 from May to September 2014 (153 d). We found that the use of 22.68 kg gas CO 2 cylinders was optimal for our needs. Depending on wind conditions, cylinders had to be replaced every 4 to 7 d to maintain a concentration of 600 µmol mol -1 . However, when experimental sites are difficult to reach, the possibility of using a single large liquid CO 2 tank would be an option that reduces the transport to the site and the cost of CO 2 . The average daily CO 2 consumption of 3.0 kg m -2 of elevated-CO 2 area reported here compares advantageously with the range of 4.0 to 6.5 kg m -2 reported in different FACE designs (Bunce, 2011) and is comparable to OTCs of a similar size (Ashenden et al., 1992) . The low CO 2 consumption obtained was likely the result of the recirculation of the air drawn from the center of the OTC. Indeed, our mixing box was specifically designed to mix fresh air and recirculated air in a 5:1 ratio, which reduced the amount of pure CO 2 to be added to reach the target concentration.
Carbon Dioxide Concentration
The average [CO2] and standard deviations measured were of 632 ± 59 (n = 4 OTCs) and of 423 ± 58 (n = 1 OTC) µmol mol -1 in elevated and in ambient-CO 2 chambers, respectively, over the 2013 and 2014 growing seasons (total of 254 d).
The standard deviations were comparable or smaller than those of previously reported OTC experiments (Rogers et al., 1983; Whitehead et al., 1995) . Moreover, standard deviations were similar between elevated and ambient-CO 2 OTCs, showing similar ranges of [CO 2 ] variation for both treatments.
In addition, the frequency of actual [CO 2 ] that fell within ±20% of the 600 µmol mol -1 target (480-720 µmol mol -1 ) was 93% of the time, while it was 66% for the within-10% target (450-660 µmol mol -1 ). This is comparable to previously reported FACE experiments (Miglietta et al., 2001; Okada et al., 2001) showing clearly the efficiency of the design of the OTCs and of the CO 2 control system that we used. As shown in Fig.  2 , a large difference in [CO 2 ] was maintained between elevated and ambient chambers. Nevertheless, the precision of the system could be improved by replacing the manual flow control with an automated one (Leadley et al., 1997) . This would allow a quicker response to changes in weather conditions such as wind speed, and would spare users from doing daily checks and manual adjustments when needed.
Air Temperature
For 2014, the overall average daily increase in air temperature in OTCs compared to control plots was of 0.7°C (Fig.  2) . Although this temperature elevation is lower than what is predicted in 2050 for eastern Canada by Jing et al. (2013) , it is close to what is forecasted in other Intergovernmental Panel on Climate Change (IPCC) scenarios and as such, generates a realistic simulation of future conditions that could prevail during summer in eastern Canada. Furthermore, it is within the range of temperatures (0.5-2.5°C) reported by Kimball et al. (1997) in a comparison of nine OTC studies with passive temperature increase. Open-top chamber experiments can therefore be considered as an appropriate approach to study climate change in the field and obtain information on plant response to increased temperature without a large investment in temperature control equipment.
The average midday (from 1000-1400 h) passive temperature increase in our experiment was of 1.05°C, whereas it was 0.43°C at night (from 2200 to 0200 h), during the whole 2014 growing season (data not shown). Similar results were obtained by Whitehead et al. (1995) , who associated the higher temperature difference during midday with increased solar radiation, causing the warming of air in OTCs during mid-day. In our study, there was no temperature difference between elevated-CO 2 and ambient-CO 2 OTCs. This clearly shows that temperature elevation was only due to a chamber effect and not to the addition of CO 2 .
Based on fan air flow (5.66 m 3 min -1 ) and the air volume inside the chamber (1.2 m 3 ), the fan that we used made approximately five air exchanges per minute, which corresponds to a wind speed between 0.4 to 1.4 m s -1 within the OTC. This value is similar to Norris et al. (1996) , who obtained withinchamber temperature increases of 2°C above ambient during warm clear summer days with high solar radiation. On the other hand, Whitehead et al. (1995) used a lower air exchange rate of two per minute, and obtained large air temperature increases (4.3°C above ambient). Our results show that five air exchanges per minute was optimal under our experimental conditions to ensure an even distribution of CO 2 through a tall and dense forage mixture while limiting the temperature increase within a realistic range based on global change scenarios. Furthermore, this relatively strong ventilation contributed to decrease the difference between air and leaf temperature, which can sometimes be an issue in OTC experiments (De Boeck et al., 2012) . 
Light Transmission
The overall average of 93% light transmission (Supplemental Table S2 ) was consistent with the range of values obtained in a review on chamber effects in OTC studies (Kimball et al., 1997) . As observed here, Whitehead et al. (1995) demonstrated that sun position can affect light transmission. It is typically lower in the morning and late afternoon than during mid-day, as a result of lower zenith angle which increases shading by the frame and light intercepted by the plastic. Additionally, a lower light transmission was detected at a canopy height of 30 and 60 cm as compared to 90 cm due to shading by the framework. Whitehead et al. (1995) showed that 1-yr-old aged plastic contributes to decrease light transmission. To avoid this in our experiment, the plastic was removed in the fall and replaced in the spring. This also allowed snow, ice, and rain to accumulate during winter, mimicking natural overwintering conditions for perennials.
CONCLUSIONS
The OTC design described above has proven its effectiveness as a way to study the effects of elevated CO 2 on plants over a prolonged period of time. It was built from widely available materials and assembling was simple, making these OTCs relatively inexpensive compared to other systems. Minimal temperature elevation was observed, along with a light transmission of 93%, which limited the alteration of growing conditions due to the chamber. The CO 2 control system used during the 2013 and 2014 growing seasons maintained the [CO 2 ] close to the target of 600 µmol mol -1 and no operational problems were encountered. We recently installed an identical experimental site in another location in Canada (Lacombe, AB), showing the facility to transpose this design to other locations and allowing the comparison of CO 2 effects on plants under various climatic conditions.
